The propensity of backbone Ca atoms to engage in carbon-oxygen (CHÁÁÁO) hydrogen bonding is well-appreciated in protein structure, but side chain CHÁÁÁO hydrogen bonding remains largely uncharacterized. The extent to which side chain methyl groups in proteins participate in CHÁÁÁO hydrogen bonding is examined through a survey of neutron crystal structures, quantum chemistry calculations, and molecular dynamics simulations. Using these approaches, methyl groups were observed to form stabilizing CHÁÁÁO hydrogen bonds within protein structure that are maintained through protein dynamics and participate in correlated motion. Collectively, these findings illustrate that side chain methyl CHÁÁÁO hydrogen bonding contributes to the energetics of protein structure and folding.
INTRODUCTION
CHÁÁÁO hydrogen bonds are well-recognized interactions 1 in protein structure, particularly those formed by backbone Ca atoms. These hydrogen bonds are energetically stabilizing, 1 and play roles in diverse biological processes, from protein structure and folding to signal transduction and enzyme catalysis. 2 Recently, the highly polarized methyl group of S-adenosylmethionine (AdoMet) has been shown to form strong CHÁÁÁO hydrogen bonds within the active sites of AdoMet-dependent methyltransferases. 3 However, the potential of side chain methyl groups, such as in alanine, threonine, methionine, leucine, isoleucine, and valine to participate in CHÁÁÁO hydrogen bonding has not been investigated to date, as these groups are among the least polarized carbon atoms in proteins and are thus presumed not to engage in hydrogen bonding. Quantum mechanical (QM) calculations have demonstrated that methane, which is generally considered to be the least polarized of sp3 carbon atoms, is capable of forming very weak CHÁÁÁO hydrogen bonds, and that the strengths of CHÁÁÁO hydrogen bonds correlates with the degree of polarization by the carbon donor due to covalently bonded heteroatoms. 4,5 Additionally, surveys of the Cambridge Structural Database demonstrated that in small molecules, aliphatic methyl groups are capable of engaging in CHÁÁÁO hydrogen bonds as observed in neutron crystal structures, 6,7 while previous surveys of the PDB suggested that side chain methyl groups might similarly participate in hydrogen bonding in proteins. 8, 9 In our recent study characterizing CHÁÁÁO hydrogen bonding between the AdoMet methyl group and the active sites of different methyltransferases, 3 we analyzed the potential formation of CHÁÁÁO hydrogen bonds by side chain methyl groups as a control within this set of high-resolution crystal structures. Unexpectedly, nearly a third of the methyl groups in these proteins were classified as forming CHÁÁÁO hydrogen bonds based on our distance and angular criteria, perhaps indicating that methyl groups are capable and willing to form hydrogen bonds in a protein environment. However, as this survey was performed on X-ray crystal structures, the position of the methyl hydrogen atoms were not experimentally defined, precluding conclusive determination of the extent of side chain methyl CHÁÁÁO hydrogen bonding in these structures. These findings prompted us to more closely examine the extent and potential importance of side chain methyl CHÁÁÁO hydrogen bonding in protein structure.
MATERIAL AND METHODS

Neutron structure survey
Neutron structures were chosen for CHÁÁÁO bond analysis based on resolution and level of deuteration as previously described recently. 10 All perdeuterated neutron structures deposited in the PDB with modeled hydrogens were included, as well as all neutron structures solved to better than 2.0 Å resolution, excepting 4N3M, which noted distortions in hydrogen positions due to incoherent scattering. Our cutoffs choices were guided by a recent definition of hydrogen bonding 11 and van der Waals distances (See Supporting Information for discussion of van der Waals cutoffs). The distance cutoffs for methyl CHÁÁÁO, CHÁÁÁC, and OHÁÁÁO hydrogen bonding were 2.7, 2.9, and 2.7 Å , respectively, based on the sum of the hydrogen and acceptor van der Waals distances. 3,12,13 Multiple angular criteria were implemented in addition to distance to determine hydrogen bond formation. Elevation angle, or the angle formed between the methyl hydrogen and the plane of an sp2 oxygen [ Fig.  1(A) ] was required to be < 50 , and the XHÁÁÁY angle was required to fall between 140 and 220
, where X and Y was either C or O. Angular criteria used to determine CHÁÁÁC and OHÁÁÁC were identical to those used for methyl CHÁÁÁO hydrogen bonds. Additionally, a third XÁÁÁH-O (where X is either C or O) angle that ranged from 150 to 220 was employed for sp3 oxygen acceptors to rule out steric collisions with hydroxyl hydrogen atoms. Distance and angular distributions were volumecorrected by multiplying the counts by 1/r 3 and 1/sinh, respectively. 14-16
Molecular dynamics (MD) simulation protocol 2XQZ was downloaded from the Protein Databank 17 and minimized for 50 steps of steepest decent minimization with heavy atom harmonic constraints. The structure was then solvated in 75.4 Å cubic volume of TIP3 water 18 and again minimized for 50 steps. Four equilibrium dynamic simulations were run consecutively with 1000 steps each at 100 , 200 , 250 , and 300 to slowly equilibrate the system. A production run using the CHARMM27 force field 19 was then performed for the system for 4.6 ns, using a 2-fs time step with SHAKE 20 to constrain the bond length of X-H bonds. SHAKE allows for 2-fs time steps and is common in hydrogen bond studies utilizing MD. 21-23 Nonbonded interactions were treated with a CUTNB of 12, CTOFNB of 9, CTONNB of 8 with both SHIFT and VSHIFT. A constant dielectric function was utilized for electrostatics with a dielectric constant of 1. Temperature was kept constant using a Nose-Hoover Thermostat, 24 and periodic boundary conditions were managed by the particle mesh Ewald method. 25 Coordinates were saved every 2 ps resulting in a total of 2328 frames. Both the minimization and simulation were setup using the MMTSB toolset. 26 A detailed list of commands can be found in the Supporting Information.
Methods describing QM calculations and the OMEGA program for analyzing hydrogen bond distances and angles are presented in the Supporting Information.
RESULTS AND DISCUSSION
To evaluate the level of methyl CHÁÁÁO hydrogen bonding in proteins with greater accuracy, we performed a survey of high-resolution neutron structures 13 in the PDB, guided by a recent evaluation of the accuracy of neutron crystal structures in determining hydrogen positions in proteins. 10 To systematically analyze methyl hydrogen bonding in these neutron structures, a new, flexible tool was required to quickly analyze many different angular and distance parameters. Even the most flexible currently available hydrogen bonding programs 27-33 have limited customizability, both in terms of atoms and molecules that are allowed to be considered hydrogen bond donors and acceptors, as well as distances and angles that are allowed to be defined by the user to find interactions. To address this problem, we developed Open-ended MolEcular fragments-based hydroGen bond Analyzer (OMEGA) (https://github.com/jyesselm/omega), a fully customizable hydrogen bonding detection and analysis toolkit that permits users to assign hydrogen bond donors and acceptors by chemical connectivity. In addition, an unlimited number of customizable distance, angle, and plane angle cutoffs can be specified to define whether an interaction meets the user's criteria of a hydrogen bond. Allowing for abstraction of hydrogen bonding constraints permits using the same procedure on nonhydrogen bonding pairs as control data sets, or to analyze other forms of molecular contacts.
To evaluate whether an interaction qualifies as a hydrogen bond, we used an empirical definition, in which interactions are classified as hydrogen bonds if the atoms involved encroach within the combined van der Waals distances, and would otherwise be considered a steric clash. 3,12 Then, as hydrogen bonds typically display an angular dependence, the interaction angles are examined to reveal whether a hydrogen bond-like angular trend is observed, similar to previous studies examining CHÁÁÁO hydrogen bonds 3,7,12 (Supporting Information).
We analyzed methyl CHÁÁÁO hydrogen bonding in all neutron structures in which methyl hydrogen atoms are discernible, 10 to directly evaluate the level of CHÁÁÁO hydrogen bonding in proteins. Unexpectedly, 36% of all Side Chain Carbon-Oxygen Hydrogen Bonding in Proteins methyl CHÁÁÁO contacts in proteins fell within the angular and distance criteria of being hydrogen bonds [ Fig.  1(B) ]. For comparison, the analogous percentage of all CHÁÁÁO bonds in proteins, consisting primarily of Ca backbone CHÁÁÁO bonds in b-sheets, was reported by Derewenda et al. to be 13%, substantially less than that of the methyl groups observed here. 12 This juxtaposition is surprising for multiple reasons: (1) Unlike methyl groups, backbone CHÁÁÁO hydrogen bonds are predisposed to form by secondary structure. (2) Methyl groups typically form weaker CHÁÁÁO hydrogen bonds than the Ca atom that is polarized through its covalent bonds to amide and carbonyl groups in the polypeptide chain. (3) Most methyl groups are thought to reside in the hydrophobic core of the protein, sequestered from hydrophilic oxygen atoms. By comparing the distribution of CHÁÁÁO contacts to CHÁÁÁC van der Waals contacts as a control, the CHÁÁÁO distribution clearly favors interactions shorter than the van der Waals contact distance, similar to other CHÁÁÁO hydrogen bonds. 12 Importantly, the angular distribution of the CHÁÁÁO interactions is also consistent with hydrogen bond formation. The CHÁÁÁO elevation angle displays a strong trend toward coplanarity [ Fig.  1(C) ]. Similarly, the CAHÁÁÁO angle distribution displays a greater tendency toward linearity than that of CAHÁÁÁC angles [ Fig. 1(D) ]. Combined with the distance distribution shown, the angular distributions clearly demonstrate that methyl groups in proteins form CHÁÁÁO hydrogen bonds. 6 Although the neutron structure analysis provides powerful information on the prevalence of methyl CHÁÁÁO hydrogen bonds, they do not indicate whether these interactions are maintained through natural protein dynamics in solution, nor whether they are energetically stabilizing. To investigate this possibility, we chose one representative neutron structure, a perdeuterated R274N R276N mutant of b-lactamase (PDB accession code 2XQZ), for QM energy calculations and a short MD simulation to evaluate fluctuations in the CHÁÁÁO hydrogen bonding side chains while retaining the overall protein conformation. This structure contains a total of 171 methyl groups, 27 of which form CHÁÁÁO hydrogen bonds in the neutron structure. In total, 46% of all methyl CHÁÁÁO contacts in this structure that satisfy the angular criteria for hydrogen bond formation also fall within the distance criteria of being a hydrogen bond.
To evaluate whether these methyl CHÁÁÁO hydrogen bonds are energetically stabilizing in the conformations found within the protein, we extracted methyl CHÁÁÁO hydrogen bond pairs for QM energy calculations. Before calculating the energy of the pairs, each was examined for contacts other than methyl CHÁÁÁO hydrogen bonds that could contribute to the interaction energy. After removing those that had other interactions, 12 hydrogen bonding pairs remained, and the energies of these isolated interactions were calculated without geometry optimization. Thus, the energies presented here (Table I) are likely correlated with the hydrogen bonding energy of the pairs within the crystal structure, as opposed to an optimized arrangement. Notably, the average interaction energy of 20.6 kcal/mol using MP2 and 22.4 kcal/mol using the density functional with dispersion (DFT-D; wB97xD) across the hydrogen bonds indicates that these interactions are on average slightly stabilizing. Notably, the DFT-D method resulted in uniformly more stabilizing interactions than those calculated by MP2, likely due to their different handling of dispersive forces. Alanine methyl groups formed the strongest hydrogen bonds, with energies ranging from 21.0 to 24.4 kcal/mol, most likely due to the electron withdrawing properties of the neighboring backbone carbonyl and amide groups, and consistent with weak to intermediate strength CHÁÁÁO hydrogen bonds. 4,5 Threonines also uniformly formed stabilizing interactions, whereas for leucines and isoleucines, the interactions were only slightly stabilizing, or in some cases, predicted to be slightly destabilizing by MP2. This observation was not surprising, given the multiple bond separation between the isoleucine and leucine methyl groups and the electron withdrawing backbone. Given the overall weak nature of the interactions, and that they are not universally stabilizing within the crystal by both QM calculation methods, it was unclear whether methyl CHÁÁÁO hydrogen bonds are important enough to be maintained in the process of protein dynamics.
To examine whether these methyl CHÁÁÁO hydrogen bonds exist in a dynamic, fluctuating protein, we performed a 4.6 ns MD simulation of the test protein. The short time of the simulation was chosen to keep the protein backbone conformation in a similar position to that found in the neutron structure, but allow significant side-chain motion. Examining the CHÁÁÁO hydrogen bonds that were found within the neutron structure revealed that they are maintained to a much greater degree than those that are formed within the MD simulation but are not present in the neutron structure [ Fig. 2(A) ]. This observation suggests that the CHÁÁÁO hydrogen bonding patterns observed in the neutron structures are maintained in solution.
To address whether the pairs of methyl-oxygen CHÁÁÁO hydrogen bonds participate in correlated motion in the MD simulation, as would be expected of hydrogen bonds, we used a simplified metric to evaluate hydrogen bonding based on dihedral angles [ Fig. 2(B) ]. In this metric, the dihedral angle about the C methyl -R bond is measured using two alternative fourth atoms: the methyl hydrogen, or the oxygen acceptor. In the case that the two dihedral angles are the same, the C methyl -H bond vector resides within the same plane as the C methyl ÁÁÁO vector. As such, subtracting these two dihedral angles provides a metric for the angular overlap of the C methyl ÁÁÁO and C methyl -H bond vector. A representative distribution of these dihedrals for a CHÁÁÁO hydrogen bond pair from the MD simulation is shown in Figure  2 (B). As expected, the multiple hydrogen peaks represent the different methyl hydrogen energy wells sampled throughout the simulation, whereas the oxygen atoms more frequently only displayed one peak, representing a single energy well that results in a relatively stationary oxygen atom.
To quantify the overlap of the hydrogen and oxygen atoms of CHÁÁÁO hydrogen bonding pairs in the simulation, we fit the hydrogen and oxygen peaks using Gaussian functions, and analyzed both the standard deviations and mean positions of the peaks to evaluate whether the CHÁÁÁO hydrogen bonding pairs exhibited correlated position and motion within the MD simulation. Plotting the difference in standard deviations of the dihedral angles (y axis) versus the normalized difference between the mean values of the oxygen and hydrogen dihedral angles (x axis) yields a distribution that encapsulates both the breadth of motion, as well as the degree of angular overlap of the hydrogen bonding pair [ Fig.  2(C) ] Other less frequent variations that were observed are shown in aggregate in Supporting Information Figure  S1 . The coloring of the z axis for this distribution represents the total number of frames that the CHÁÁÁO hydrogen bond was observed to exist in the pair during the MD simulation. The distribution of the methyl groups and oxygen atoms forming CHÁÁÁO hydrogen bonds appears substantially different than that of a random distribution, suggesting that donor and acceptor atoms in the CHÁÁÁO hydrogen bonding pairs influence each other's respective positions. Further, these pairs tend to exhibit relatively small differences in both their dihedral angle standard deviations and mean values compared to the random atoms pairs, implying that the CHÁÁÁO hydrogen bonding pairs experience correlated motion during the MD simulation. To quantify the difference in the hydrogen bonding versus random distributions, we analyzed them using the Jensen-Shannon Divergence (JSD) metric, which uses a scale of 0 to 1 to evaluate dis-similarity in distributions. The JSD has been a critical tool in assessing the similarity of two given distributions and is utilized in a wide diversity of studies including structural biology and bioinformatics. 34-36 The JSD analysis demonstrates that as the distributions are analyzed as a function of increasing number of frames in the MD simulation in which the CHÁÁÁO hydrogen bond is observed [i.e., increasing z axis values in Fig. 2(C) ], the hydrogen bonding and random distributions diverge significantly [ Fig. 2(D) ]. As a control, we also used random cutoffs in place of the minimum CHÁÁÁO hydrogen bond count. By comparing these two methods of generating cutoffs, we found that while the distributions are nearly identical when the total frame cutoff for observing a CHÁÁÁO hydrogen bond is small, they become increasingly different as the number of frames in which a hydrogen bond is observed increases in the MD simulation [ Fig. 2(D) ]. Together, these trends clearly demonstrate that the methyl-oxygen CHÁÁÁO hydrogen bonding groups in the simulation that are formed for greater amounts of time in the MD simulation have greater angular overlap and correlated motion compared with those which are formed transiently.
Together, the results presented here demonstrate that CHÁÁÁO hydrogen bonding occurs at remarkably high rate for methyl group donors, the carbon atoms with the lowest hydrogen bond potential in proteins. Computational analysis suggests that although these interactions are weak, they are maintained through protein dynamics and participate in correlated motion. It is intriguing to consider these results in the context of the well-accepted hydrophobic collapse model of protein folding. In this model, the water forms semi-rigid cages surrounding hydrophobic regions of the protein in its unfolded state, reducing the solvent entropy. By sequestering the hydrophobic regions away from the water, the cages are released and the water entropy increases. Notably, the calculations performed here suggest that the energy of protein methyl CHÁÁÁO hydrogen bonds are weaker than the hydrogen bonds of water-water dimers ($25 kcal/ mol), 4 suggesting that although these methyl groups are capable of forming CHÁÁÁO hydrogen bonds, they are not able to effectively compete with the water-water hydrogen bonds of the hydrophobic cages. However, within the protein core, these methyl groups are free to participate in hydrogen bonding without affecting the solvent entropy.
These observations imply that side chain methyl CHÁÁÁO hydrogen bonds may play a role in the stabilization of buried oxygens in the hydrophobic core of proteins, similar to the function of the Ca positions in b-sheets. 2,37 QM studies have previously suggested that CHÁÁÁO hydrogen bonds could contribute to protein folding due to a relatively small desolvation penalty associated with forming the hydrogen bond in the protein interior, as opposed to with water, 38 and it could be that the methyl group CHÁÁÁO hydrogen bonds aid in protein folding by this mechanism. Small desolvation penalties have been critical to modeling protein folding using coarse-grained approaches. Karanicolas and Brooks 39 found that modifying the Lennard-Jones potential yielded a small energy barrier that represented the desolvation penalty of forming a favorable contact. Following a different strategy, Cheung et al. 40 included a separate desolvation term that came into effect at near-ideal contact geometry. These and more recent modifications 41 to the classical molecular mechanics force field increased agreement with experimental protein folding data by better modeling the process of packing interior side chains during folding, finding that an attractive interaction between hydrophobic side chains and water alters the cooperativity of protein folding. Likely, the attractive interaction identified in these studies is in fact the methyl hydrogen bonding presented here.
Garcia-Moreno and coworkers previously demonstrated that the hydrophobic core of Stapholococcal nuclease is resistant to mutations of glutamic and aspartic acid in 26 individual positions with only minor local rearrangement. 42,43 These mutated residues have extreme shifts in pKa and their side chains must be satisfied by a hydrogen bond network to stably exist within the protein. Although the previous interpretation of these mutations is that water channels are used to satisfy these charged residues, it is also plausible that CHÁÁÁO hydrogen bonds assist in the stabilization of these charges. Given the high propensity of Figure 2 Analysis of methyl CHÁÁÁO hydrogen bonds in b-lactamase R274N R276N mutant MD simulation. A: Methyl CHÁÁÁO hydrogen bonds observed in neutron structure (squares) are formed more often than those not observed in neutron structure (circles), quantified using multiple angles and distance cutoffs as used in the neutron structure analysis. (See Supporting Information). B: Dihedral angles used in overlap calculations and representative trace of hydrogen bonding pair in which the fourth atom is an oxygen acceptor (red) or methyl hydrogen donor (black) atom. C: Aggregate of dihedral angle overlap traces (example overlap trace shown in panel B). X and Y axes depict the differences between the normalized mean position of the dihedral angles, and standard deviations of the hydrogen bonding pair, respectively. Z-axis shows the number of MD frames. D: Quantification of dihedral angle overlap depicted in panel C. Threshold cutoffs determined using frames of hydrogen bond formation (dashed line) or randomly (dotted line). Statistical significance between these two lines depicted by Z-score (solid line). methyl groups to reside in the interior of the protein, it is conceivable that charged and/or polar residues are in large part accommodated in proteins by forming CHÁÁÁO hydrogen bonds with side chains. Further studies are needed to explore to what extent these hydrogen bonds contribute protein stabilization and folding.
